interest and need to replace animal protein with plant protein sources have resulted in 23 increased attention to developing vitamin B12-fortified plant-based food. Natural 24 fortification by Propionibacterium freudenreichii is a promising alternative to 25 chemical fortification, as P. freudenreichii can synthesize active vitamin B12. In this 26 work, we studied vitamin B12 production in non-sterile matrices prepared from three 27 raw materials of wheat: durum flour, wholewheat flour and wheat bran. Viable cell 28 counts, pH, total titratable acidity and concentration of acids were determined. After 29 seven days of fermentation, vitamin B12 levels reached 33 ± 4, 87 ± 10 and 155 ± 17 30 ng/g dry weight in durum flour, wholewheat flour, and wheat bran, respectively. 31 While durum flour supported the growth of P. freudenreichii to higher cell densities 32 and more efficient propionic acid production compared with the other two matrices, 33 wholewheat flour and wheat bran were found to be the most promising of the three 34 matrices for in situ production of vitamin B12. intake or malabsorption, is reported to be a problem worldwide (Green et al., 2017) . 58 Developing plant products fortified with vitamin B12 is a promising way to 59 ensure sufficient intake by people consuming limited amounts of animal products. As 60 wheat is one of the most produced and important cereals for human diet, wheat 61 products would be good candidates for delivering vitamin B12. the production of 37 ng/g (fresh weight) of active vitamin B12 by P. freudenreichii in 78 a sterilized barley-based matrix (33% w/v) after a 7-day fermentation period. 79 However, whether P. freudenreichii can produce physiologically significant amounts 80 of vitamin B12 in unsterilized cereal matrices with autochthonous microbiota is still 81 unknown. Moreover, to the best of our knowledge, there has been no published study 82 on the in situ fortification of vitamin B12 in wheat matrices. 83 The aim of this work was to study the influence of three types of wheat raw 84 materials (durum wheat flour, wholewheat flour, and wheat bran) on the in situ The doughs were inoculated with propagated cultures of P. freudenreichii, so that 113 the cell count was approximately 9.0 log colony forming units (CFU)/g of dough.
114
Since cobalt content in white flour is low in comparison to wholegrain or wheat bran 115 (Ekholm et al., 2007) and availability of cobalt is a potential limiting factor during in 116 situ production of vitamin B12, a durum dough enriched with 0.6 µg/g dry weight 117 (dw) of cobalt(II) chloride (Sigma-Aldrich, Steinheim, Germany) was also prepared. 
Acidification properties

144
The pH values were determined using a pH meter (Portamess 752 Calimatic, 208 Before fermentation, the pH value in the doughs ranged from 6.24 to 6.72 (Fig. 209 1A). In the first 3 days, the pH in all doughs decreased sharply. Generally, the pH in 210 the inoculated doughs were higher than those in the control doughs. On day 1, the pH 211 of the wholewheat flour dough was the highest (5.86 ± 0.02), while it was the lowest 212 in the durum flour control dough (4.63 ± 0.06). On day 3, only in wheat bran doughs 213 the pH was higher than 4.0. At the end of the fermentation, the pH of all doughs was 214 lower than 4.0; the lowest value of 3.5 was reached in the durum doughs. 215 The initial TTAs in durum flour, wholewheat flour, and wheat bran doughs were 1.5 ± 0.2 ml, 2.7 ± 0.2 ml, and 2.9 ± 0.5 ml, respectively (Fig. 1B) . During the 217 fermentation, the TTA increased, and the inoculated doughs had higher TTA levels 218 than the corresponding control doughs. The wheat bran dough had the highest TTA 219 levels, which reached 24.8 ± 0.2 ml in the inoculated dough and 23.4 ± 0.2 ml in the 220 control dough on day 7. In contrast, the durum flour control dough had the lowest 221 TTA (17.3 ± 0.1 ml) on day 7. 222 At the beginning of fermentation, the number of P. freudenreichii colony 223 forming units in the inoculated doughs ranged from 8.7 log CFU/g to 9.0 log CFU/g 224 (Table 2 ). After one day of fermentation the cell number of P. freudenreichii reached 225 9.6 ± 0.1 log and 9.4 ± 0.1 log CFU/g in durum flour dough and in wheat bran dough, 226 respectively, and remained approximately at the level until the end of fermentation 227 (day 7). In the wholewheat flour dough, the number of P. freudenreichii CFU 228 remained stable during the fermentation. The low initial number of LAB (< 3 log 229 CFU/g) increased to 8.6 ± 0.1 log CFU/g in wholewheat flour doughs and 9.2 log 230 CFU/g in other doughs after one day of fermentation. Similar LAB cell numbers were 231 counted in doughs with and without P. freudenreichii. In doughs of durum flour and 232 wheat bran the cell number of LAB remained stable after day 1. In wholewheat flour 233 dough with P. freudenreichii, the cell density of LAB further increased to 9.0 ± 0.1 234 log CFU/g on day 3 and remained stable after that. 235 The inoculation of P. freudenreichii had no influence on the cell numbers of 236 total aerobic bacteria, total Enterobacteriaceae, or yeasts. The cell density of the total 237 aerobic bacteria in all doughs increased from approximately 4 log CFU/g to 9 log CFU/g on the first day of fermentation and remained stable after that. The cell density 239 of total Enterobacteriaceae ranged from 4.5 ± 0.1 log CFU/g to 4.9 ± 0.1 log CFU/g 240 in all doughs before fermentation, and further, it grew 100-fold from days 0 to 1.
Results
207
Acidification and microbial counts
241
After day 1, the cell count of total Enterobacteriaceae decreased in all doughs, and 242 Enterobacteriaceae were not found on day 7. The initial cell density of yeasts was 243 approximately 3.8 log CFU/g in durum flour dough and less than 2 log CFU/g in the 244 other doughs. The cell count of yeasts in all doughs increased to approximately 5.0 on 245 day 1, but decreased after that and became undetectable on day 7. 67.7 ± 3.1 mg/g and 63.7 ± 3.5 mg/g dw of glucose were found in wholewheat 256 inoculated dough and wholewheat control dough, respectively.
257
Before the fermentation, no detectable levels of organic acids were found in any 258 of the doughs (Fig. 2B-D) . On day 1, 11.2 ± 1.2 mg/g and 10.3 ± 0.3 mg/g dw of LA 259 were already measured in the durum and wholewheat flour control doughs, respectively. Notably, in the matching doughs inoculated with P. freudenreichii, the 261 LA level was < 0.5 mg/g dw. After day 1, the LA contents in these doughs increased, 262 ultimately reaching 62.5 ± 3.7 mg/g dw in durum flour and 62.9 ± 6.8 mg/g dw in 263 wholewheat flour, respectively. In the wheat bran doughs, the amounts of LA were 264 14.7 ± 1.7 mg/g and 23.8 ± 5.5 mg/g dw after 1 day, and on day 7, the levels reached 265 59.5 ± 1.2 mg/g and 78.3 ± 9.4 mg/g dw in inoculated dough and control dough, respectively (Fig. 3) . After 7-day fermentation, riboflavin concentration increased to 278 0.42 ± 0.02 µg/g dw in durum flour dough and 0.73 ± 0.03 µg/g dw in wholewheat 279 flour dough. In contrast, the riboflavin in the wheat bran dough was 1.93 ± 0.11 µg/g 280 dw at the beginning and decreased to 1.78 ± 0.07 µg/g dw on day 7. 
Production of vitamin B12
The UHPLC chromatograms showed that all the vitamin B12 detected in this 283 study was active B12, and no detectable level of pseudovitamin B12 was observed. In 284 the control doughs, no vitamin B12 was detected during fermentation (Table 3 ). In the 285 inoculated doughs, 17 ± 1 ng/g to 47 ± 6 ng/g dw of vitamin B12 was found on day 0, 286 contributed by the P. freudenreichii inoculum. By day 1, the vitamin B12 contents 287 significantly increased (p < 0.05) in the doughs inoculated with P. freudenreichii.
288
From day 1 to day 7, the vitamin B12 content in durum flour inoculated dough did not freudenreichii starter is the likely source of PA in inoculated doughs. In this study, the 358 production of PA did not increase after day 3, which was likely due to the formation 359 of an acidic environment (pH < 4). In contrast, the AA contents still increased from 360 day 3 to 7 in all inoculated dough types, potentially produced by both P. ca. 33 ng/g dw without cobalt) was produced by P. freudenreichii.
377
In this study, the vitamin B12 produced during fermentation was composed of the 378 active form, with DMBI as a lower ligand (data not shown). Given that no 379 supplements were added, the DMBI in the biosynthesized vitamin was likely derived than in durum flour (ca. 0.18 µg/g dw) may partly explain the higher levels of vitamin 388 B12 produced in these matrices. In addition, riboflavin can be synthesized by P. 
Conclusion
422
In previous studies, vitamin B12 production in sterilized cereal matrices has been 423 reported. However, this study demonstrated that nutritionally significant amounts of 424 vitamin B12 can be produced in non-sterile wheat doughs by P. freudenreichii. 
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ACCEPTED MANUSCRIPT
Highlights:
 Non-sterile wheat matrices maybe used for in situ production of vitamin B12.
 P. freudenreichii produced physiologically relevant amounts of vitamin B12.
 Wheat bran allowed higher production of vitamin B12 than other flours.
 Bran layer possibly contains precursors for vitamin B12 biosynthesis.
